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Reduced-density  channels  were  created  by  designating  a  path  through  the  atmosphere  by 
laser-induced,  aerosol-initiated  air-breakdown,  and  heating  the  air  along  the  path  with  a  guided  elec¬ 
tric  discharge.  A  Nd:  glass  laser  (~  60J,  ~  40  nsec),  focussed  with  aSn  f.l.  lens,  was  used  and 
air-breakdown  was  enhanced  by  the  presence  of  a  light  smoke.  The  electric  discharge  (240  kV,  •* 
lOkA  peak  current,  period  ~  3  Msec)  followed  the  laser  path  and  damped  In  ~  6  Msec;  ~  SO  psee 
later  a  hot,  reduced  denalty,  partially  Ionized  channel  had  formed.  The  diameter  of  the  channel  was 
~  2.0  cm  and  channels  of  length  up  to  2  m  hare  been  produced. 
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20.  Abstract  (Continued) 


Uslnp  a  field  emission  diode  with  a  43  /urn  titanium  loll  anode,  an  Intense  relativistic 
electron  beam  (~  27  nsec,  ~  2.4  kA,  ~  1.0  MeV)  was  produced  which  could  be  seen  pro¬ 
pagating  in  the  unperturbed  atmosphere  for  distances  ~  100  cm.  This  beam  was  injected 
into  the  preformed  channel  within  ~  3  cm  from  the  anode  foil  to  study  the  beam-channel 
interaction.  Conditions  In  the  channel  were  varied  by  controlling  the  time  between  creation 
of  the  channel  and  injection  of  the  REB.  When  injected  Into  a  conducting  channel  with 
density  ~  6  X  10‘s  g/cm3,  and  n0  ~  1014  cm  "3,  the  beam  expanded  and  was  ejected  from 
the  channel  within  ~  10  cm  of  travel.  But  when  Injected  Into  a  channel  with  much  lower 
conductivity  and  density  ~  3  X  10‘4  g/cm3  the  beam  propagated  in  the  channel  and  the 
effect  of  the  reduced  scattering  was  observed. 

Analysis  of  these  results  shows  that  they  are  consistent  with  accepted  theory  of 
beam-plasma  Interactions,  and  that  the  ejection  of  the  REB  from  the  conducting 
channel  was  caused  by  a  “self-hose’Mike  instability. 
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Experiments  on  the  Injection  of  Relativistic 
Electron  Beams  into  Preformed  Channels  in  the  Atmosphere 

A  Feasibility  Study 

I.  INTRODUCTION 


When  an  intense  charged  particle  beam  passes  through  a 

gaseous  atmosphere  it  creates  a  hot,  ionized  channel  along 

the  beam  path"''.  It  is  the  interaction  of  the  beam  with 

this  channel  that  determines  the  beam  expansion,  stability, 
2  3 

and  propagation.  In  pellet  fusion  where  a  high  density 
gas  blanket  is  advantageous,  loss  of  beam  particles  because 
of  scattering  in  the  gas  atmosphere  can  be  significant  es¬ 
pecially  for  light  ion  beams.  Then  it  becomes  desirable  to 
create  a  reduced-density,  ionized,  current-carrying  channel 


through  the  gas  atmosphere  in  which  to  propagate  the  charged 
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particle  beam.  ' 


•V  l#**" 

We  report  initial  results  of  a, study  of  the  interaction 

A 

of  an  intense  relativistic  electron  beam  (REB)  with  a  pre¬ 


formed  reduced  density  channel  in  the  atmosphere.  The  chan¬ 
nel  was  designated  by  laser-induced,  aerosol-initiated  air- 

.  -7 — 

breakdown  and  was  heated  by  passage  of  an  electric  current. 
However,  at  the  time  the  REB  was  injected  into  the  channel  no 


externally  applied  heating  current  remained.  By  varying  the 
time  between  creation  of  the  hot  channel  and  injection  of  the 
REB,  we  were  able  to  observe  interactions  of  the  beam  with 


both  high  conductivity  and  low  conductivity  cnannels.  In 

the  former  case  the  beam  did  not  propagate  it  the  c  annel, 

whereas  in  the  latter  case  the  beam  did  proje^  .te  in  the  -  '  / 
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^^^channel.  These  results  are  discussed  in  terms  of  the  re¬ 
sidual  conductivity  in  the  channel,  and  in  terms  of  the  ra¬ 
dius  of  the  return  current  distribution  compared  to  that  of 
the  beam. 


II.  PRODUCTION  OP  HOT  REDUCED  DENSITY  CHANNELS 
IN  THE  ATMOSPHERE 

4  5 

In  recent  experiments  '  intense  relativistic  electron 
beams  for  pellet  fusion  studies  have  been  transported  along 
current  carrying  plasma  channels  produced  by  z-pinch  dis¬ 
charges  and  wire-guided  discharges.  While  it  was  suggested 
some  time  ago  that  lasers  might  be  used  to  create  such  plasma 

O 

channels  the  demonstration  of  suitable  laser-produced  chan- 

r  •? 

nels  came  only  recently.  '  For  the  present  experiments  the 

path  of  the  channel  through  the  atmosphere  was  designated  by 

,  9 

laser-induced,  aerosol-initiated  air-breakdown  using  a  Q- 

switched  Ndrglass  laser,10  The  laser  radiation  60  J  in  ^ 

-9 

40x10  sec)  was  focused  with  a  5m  focal  length  lens  (Fig.  1) 

and  air-breakdown  was  enhanced  by  the  presence  of  a  light  smoke 

produced  by  the  combustion  of  *  2.5  gm  of  black  powder.  The 

-7  3  -2 

resultant  aerosol  density  was  <  10  gm/cm  (^10  %  by 
weight  in  the  atmosphere)  and  the  particle  size  was  such  that 
a  useable  smoke  remained  in  suspension  for  *  1  hour. 

The  diameter  of  the  laser  beam  at  the  focusing  lens  was 
5  cm  so  that  for  channels  of  length  <  2m  symmetrically 
placed  about  the  focus  of  the  lens,  the  maximum  diameter  of 
the  laser  beam  over  the  channel  length  was  <  1  cm.  Within 
this  diameter  the  aerosol  initiated  air-breakdown  produced 
randomly  spaced  plasma  beads  {Figs,  2  and  3b)  and  sufficient¬ 
ly  perturbed  conditions  in  the  atmosphere  to  guide  an  electric 


discharge  along  the  laser  path  provided,  the  voltage  was  applied 
between  10  und  100  ysec  after  the  Nd:glass  laser  had  been 
fired . 


The  electric  discharge  for  heating  the  laser  designated 
channel  was  provided  by  a  small  Marx  generator  (Vmax  *  360 
kV,  C  *  .015  PF,  R.  ,  +  4.5  ft,  L.  .  +  6  pH)  which  was  nor- 
mally  charged  to  ^  240  kV  and  fired  ^  30  Psec  after  the  Nd: 
glass  laser.  The  current  and  voltage  for  a  typical  50  cm  long 
laser  guided  discharge  are  shown  in  Fig.  4.  From  an  analysis 
of  the  circuit  parameters  it  was  deduced  that  *  3.5  J/cm 
were  deposited  in  the  channel. 

The  diameter  of  the  discharge-heated  channel  was  obtained 
by  both  open  shutter  and  Schlieren  photography  (Fig.  3).  With 
the  latter  technique  the  expansion  and  subsequent  cooling  of 
the  channel  was  also  followed  (Fig.  5).  From  such  records  it 
was  estimated  that  the  radius  of  the  discharge-heated  channel 
was  2.5  mm  so  that  the  electrical  energy  deposited  in  the  chan- 
nel  was  *  18  J/cm  .  The  hot  channel  subsequently  expanded 
reaching  atmospheric  pressure  when  the  diameter  was  *  2.2  cm, 
which  corresponds  to  a  volume  expansion  ratio  of  *  20.  From 
this  we  calculated  that  the  temperature  of  the  expanded  chan¬ 
nel  was  *  5000  K  and  there  was  ^20%  dissociation.  Assuming 
the  expansion  was  adiabatic  with  a  mean  specific  heat  ratio^ 

of  Y  *  1.2,  we  estimated  that  the  temperature  of  the  hot  chan- 

11  12 

nel  before  expansion  was  *  7500  K  and  the  j.nternal  energy 
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was  *  18  J/cnT  in  agreement  with  the  measured  electrical  en¬ 
ergy  deposition. 


Thus  between  35  and  100  nsec  after  initiation  of  the  heat¬ 
ing  current  pulse,  long  straight  channels  (Pig.  6)  have  been 

formed  which  have  a  diameter  of  *  2  cm,  a  mass  density  ^  1/20 

12  13 

that  of  the  normal  atmosphere,  and  a  free  electron  density  ' 
14-3  . 

of  «/*  10  cm  .  In  the  next  several  milliseconds  these  channels 
cooled  by  turbulent  entrainment  of  cold  air  from  the  surrounding 
atmosphere  (Pig.  5).  The  temperature  during  this  cooling  was 

»-i 

estimated'  by  assuming  that  the  air  in  the  hot  channel  mixed 

uniformly  with  the  cold  air  around  it,  conserving  energy  and 

expanding  to  maintain  atmospheric  pressure.  Then  starting  at 

-5  3 

a  temperature  of  ^  5000  K  and  density  *  6.5x10  gm/cm  the 


channel  cooled  and  expanded  as  shown  in  Table  1. 


III.  PRODUCTION  OF  AN  INTENSE  RELATIVISTIC  ELECTRON  BEAM 
III.  a).  The  Pulse  Generator  and  the  Diode 

The  relativistic  electron  beam  was  produced  by  a 
modified  Physics  International  Pulserad  310  accelerator,  con¬ 
sisting  of  a  10  stage  oil-insulated  Marx  generator  driving  a 
40  ohm  oil  dielectric  Blumlein  terminated  with  a  cold-cathode 
field  emission  diode.  Each  stage  of  the  Marx  generator  con¬ 
tained  one  .luf  at  100  kV  capacitor  for  a  total  stored  Marx 
energy  of  5.0  kJ.  Power  was  switched  to  the  Blumlein  througn 
a  self-break  oil  switch  and  under  ideal  conditions,  the  shot- 
to-shot  jitter  from  trigger  to  the  Marx  to  beam  firing  could 
be  made  less  than  ±20  nsec.  The  diode  assembly  was  a  1.2  cm 
radius  annular  carbon  cathode  (.63  cm  annular  width)  sepa¬ 
rated  by  1.5  cm  from  a  .043  mm  thick  titanium  foil  anode. 

Typically,  the  electron  beam  characteristics  inside  the 
dioie  were  V  =  940  kV,  I  =  24  kA,  with  a  pulse  width  of  27 
nsec  F.W.H.M.  As  the  anode  foil  was  usually  ruptured  after 
each  shot,  an  appropriate  foil  holder  was  fabricated  to  al¬ 
low  rapid  replacement  of  the  anode.  Using  two  such  holders, 

the  time  between  shots  was  limited  only  to  that  necessary  to 
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evacuate  the  diode  to  a  base  pressure  of  less  than  10  torr, 
typically  20  minutes.  The  accelerator  could  be  fired  10-15 
times  before  a  complete  cleaning  of  the  diode  internal  sur¬ 
faces  and  a  redressing  of  the  cathode  were  necessary. 


III.  b).  The  Intense  REB  and  the  Beam  Diagnostics 

To  produce  a  "stable"  relativistic  electron  beam 
the  output  from  the  diode  was  restricted  by  a  carbon  block  * 

11  cm  diameter  by  1  cm  thick  with  a  1 „ 5  cm  diameter  hole  at 
its  center  (Fig.  7).  The  center  of  the  carbon  block  was  *  3 
cm  from  the  anode  foil.  Of  the  ^  24  kA  of  current  inside  the 
diode f  only  *  3  kA  emerged  through  the  anode  foil  and  of  this, 
only  ^  2.4  k*  came  through  the  hole  in  the  carbon  block. 
Current  measurements  were  made  with  a  B-dot  loop  inside  the 
diode  and  Rogowski  coils  outside  the  diode.  These  different 
devices  were  calibrated  to  ±10%  for  currents  with  these  time 
variations.  The  plasma  return  current  (I  )  flowing  back  to 
the  anode  foil  was  estimated  by  comparing  currents  measured  on 
j  Rogowski  coil  and  a  carbon  calorimeter  and  was  found  to  be 
less  than  the  10%  uncertainty  in  the  net  current  (IN). 

A  qualitative  study  of  the  beam  current  distribution 

.  .  .  14 

across  the  anode  foil  was  made  using  a  thin  film  dosimeter 
(blue  cellophane).  The  emission  consisted  of  a  peak  of  cur¬ 
rent  density  at  the  center  of  the  anode  foil  containing  </*  1 
kA  in  a  circle  of  area  ^  0.1  cm  surrounded  by  a  halo  about 

n 

1  cm  in  area  containing  another  *  2  kA.  The  remainder  of 
the  beam  current  (^  5  kA)  was  spread  over  *  10  cm~  of  anode 
area  with  current  density  near  the  threshold  of  detection 
0.5  kA/cm  ) .  After  passing  through  the  aperture  m  the  car¬ 
bon  block  the  current  distribution  was  more  uniform  with  only 
a  small  peak  on  axis. 


-7- 


To  monitor  the  propagation  of  the  REB  through  the  at¬ 
mosphere  several  different  diagnostics  were  used.  These  are 
shown  schematically  in  Fig.  8.  An  open  shutter  camera  (OSC) 
was  used  to  photograph  the  path  of  the  REB  in  visible  light. 
This  camera  was  wrapped  in  *  3  mm  thick,  lead  sheet  and  viewed 
the  beam  path  through  a  front  surfaced  mirror  as  indicated. 

A  typical  photograph  of  the  freely  propagating  beam  is  shown 
in  Fig.  7. 

One  Rogowski  coil  (RC  1)  was  placed  next  to  the  carbon 
block  to  measure  the  net  current  at  injection.  A  second 
Rogowski  coil  (RC  2)  which  is  *  30  cm  diameter  was  placed 
25  cm  from  the  carbon  block  to  measure  the  downstream  cur¬ 
rent.  A  tungsten  grid  (TG)  consisting  of  *  1.6  mm  diameter 
tungsten  wires  spaced  ^  5  mm  apart  over  an  area  14  cm  by 
13  cm  was  used  to  show  the  position  and  size  of  the  REB. 

This  grid  was  placed  at  *  45°  to  the  direction  of  the  be'xm, 

50  cm  from  the  carbon  block,  and  was  photographed  with  an  x- 
ray  pinhole  camera  (XPC  1).  Closer  to  the  carbon  block  was 
a  30  cm  by  30  cm  sheet  of  polycarbonate  (Lexan).  This  sheet 
(LP  in  Fig.  8)  was  ^  1.5  mm  thick  and  had  a  2.5  cm  diameter 
hole  at  its  center.  It  was  inclined  at  *  45°  to  the  direc¬ 
tion  of  the  REB  with  the  hole  *  10  cm  from  the  carbon  block. 
The  polycarbonate  sheet  was  ^otographed  by  a  second  x-ray 
pinhole  camera  (XPC  2}  to  determine  the  radial  position  of 
the  REB  at  *  10  cm. 
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Typical  data  for  the  freely  propagating  beam  are  shown 
in  Figs  9a,,  10a,  and  11a  and  in  Table  2.  The  peak  net  in¬ 
jected  current  was  *  2.4  kA  as  measured  on  RC  1,  and  without 
the  Le:;an  plate  (LP  in  Fig.  8)  this  full  current  was  measured 
up  to  50  cm  from  the  carbon  block  using  RC  2.  In  the  unper¬ 
turbed  atmosphere  the  hole  in  the  Lexan  plate  was  easily 
aligned  with  the  RE1'  and  a  reproducible  60%  of  the  injected 
current  ( ^  1.45  k.'.,  passed  through  the  hole,  (measured  on 
RC  2).  The  x-ray  image  of  the  tungsten  grid  at  50  cm  was 
not  so  reproducible  (see  Figs.  9a,  10a,  and  11a)  but  a 
clearly  defined  image  was  always  seen  even  with  the  Lexan 
plate  in  position.  The  diameter  of  this  image  was  ^  9  cm 


IV.  INJECTION  OF  AN  INTENSE  REB  INTO  A  PREFORMED  CHANNEL 


To  allow  the  intense  REB  to  be  injected  into  a  preformed 
channel,  the  laser-designated,  electric-discharge-heated  channel 
described  in  Section  II  was  established  along  the  path  of  the 
electron  beam.  This  was  achieved  as  shown  in  Fig.  12,  using 
the  tungsten  grid  (TG)  as  the  high  voltage  electrode  and  the 
carbon  block  (C)  as  the  ground  ele-i.rode.  In  initial  attempts 
to  form  the  hot  channel  in  front  of  the  diode,  the  Nd:glass  la¬ 
ser  radiation  punctured  the  titanium  anode  foil  (A).  To  prevent 
this  the  foil  assembly  (FA)  was  installed  in  front  of  the  carbon 
block  (C).  The  foil  assembly  consisted  of  six  aluminized  Mylar 
foils  stretched  on  lucite  frames  with  ^  4  cm  diameter  apertures 
in  them.  The  foils  were  held  at  a  small  angle  (<  10°)  so  that 
the  reflected  laser  radiation  did  not  return  to  the  laser.  As 
the  Mylar  foils  were  only  *  6  pm  thick  the  Ndrglass  laser  alone 
usually  burst  the  first  4  foils.  The  electric  discharge  then 
destroyed  and  evaporated  the  remaining  foils,  leaving  a  clear 
aperture  of  *  3  cm  diameter  through  the  whole  assembly.  In 
Section  III,  the  typical  data  for  the  freely  propagating  REB 
were  taken  with  the  foil  assembly  in  place  but  without  the  Nd: 
glass  laser  or  the  electric  discharge.  Passage  of  the  REB 
through  the  Mylar  foils  did  not  damage  the  foils.  The  pres¬ 
ence  of  the  foils  either  -.old  or  evaporated  by  the  laser 
alone  did  not  affect  the  net  current  measured  on  RC  1  or  RC  2. 
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To  inject  the  REB  into  the  preformed  channel  the  Nd:glass 
laser  was  fired  first  to  designate  the  channel  path,  30  us  la¬ 
ter  the  Marx  generator  was  fired  to  heat  the  channel,  then  af¬ 
ter  a  chosen  delay  ( t)  the  electron  beam  generator  was  fired. 

The  passage  of  the  REB  along  the  channel  was  monitored  with 
the  same  set  of  diagnostics  as  for  the  freely  propagating  beam 
(Fig.  8),  with  the  tungsten  grid  still  50  cm  from  the  carbon 
block.  Typical  results  are  shown  in  Figs.  9,  10,  and  11  and 
in  Table  2  for  t  =  100  us  and  t  =  500  us. 

At  t  =  100  us  the  peak  net  current  injected  into  the  chan¬ 
nel  was  only  ^  2.1  kA  (Table  2)  even  though  the  diode  character¬ 
istics  were  not  visibly  affected  by  the  presence  of  the  laser 
guided  discharge.  In  ^  50%  of  these  shots  the  REB  was  ejected 
from  the  preformed  channel  within  a  few  centimeters  of  travel 
from  the  carbon  block  and  struck  the  Lexan  plate  (Figs.  9b  and 
c  and  10b).  Then  only  *  30%  of  the  net  injected  current  ( * 

0.63  kA)  was  measured  on  the  second  Rogowski  coil  (RC  2).  The 
beam  appeared  to  expand  out  of  the  channel  and  be  deflected  from 
it,  though  the  expansion  was  not  uniform,  (Figs.  9  and  10).  In 
the  other  50%  of  the  shots  w hen  *  60%  of  the  injected  current 
(^  1.3  ka)  went  through  the  Lexan  plate  and  when  the  Lexan  plate 
was  removed  (in  which  case  100%  of  the  injected  current  passed 
through  the  second  Rogowski  coil),  the  x-ray  image  of  the  tung 
sten  grid  at  50  cm  was  never  more  than  weak  (Figs.  9c,  10b,  and 
lib  and  c)  .  Occasionally  with  t  =  lOOus  the  x-ray  image  re¬ 
corded  in  XPC  1  filled  the  field  of  view  of  the  camera  (Fig. 
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9b)  suggesting  that  the  image  was  produced  by  beam  electrons 
being  "sprayed"  on  the  camera  itself. 

At  t  =  500  *is  the  peak  net  current  injected  into  the 
channel  was  the  same  as  that  injected  into  the  unperturbed 
atmosphere  (Table  2).  Also,  a  reproducible  *  60%  of  the  net 
injected  current  passed  through  the  hole  in  the  Lexan  plate. 
However  the  x-ray  image  of  the  tungsten  grid  at  50  cm  was  al¬ 
ways  much  brighter  and  sharper  than  that  seen  in  the  unper¬ 
turbed  atmosphere  (Figs.  10c  and  lid).  The  diameter  of  this 
image  was  *  4  cm  (Fig.  lid). 

Similar  results  were  obtained  when  the  channel  length  was 
increased  to  100  cm  by  moving  the  tungsten  grid  to  be  100  cm 
from  the  carbon  block. 
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V.  DISCUSSION 


Following  the  deposition  of  electrical  energy  in  the 
air  by  the  laser  guided  discharge,  the  hot  air  channel  ex¬ 
panded  to  a  radius  of  *  1  cm.  Thus  at  the  end  of  the  chan¬ 
nel  where  the  current  passed  into  the  carbon  block  there 
must  have  been  an  axial  expansion  comparable  to,  but  smal¬ 
ler  than  the  radial  expansion,  i.e.  Az  <  1  cm.  This  expan¬ 
sion  is  about  equal  to  the  thickness  of  the  carbon  block 
and  indicates  that  the  hot  channel  did  not  spread  into  the 
gap  of  2.5  cm  between  the  carbon  block  and  the  anode  foil. 
Therefore  the  presence  of  the  hot  air  channel  should  not 
have  changed  the  situation  existing  between  the  carbon 
block  and  the  anode  foil,  and  the  REB  injected  into  the 
hot  air  channel  should  have  been  the  same  as  that  injected 
into  the  unperturbed  atmosphere,  i.e.  in  both  cases  1^  + 

2.4  kA. 

The  position  of  the  carbon  block  (C  in  Fig.  7)  was 
chosen  to  maximize  the  current  passing  through  the  1.5  cm 
diameter  aperture  in  the  block.  This  corresponded  to  plac¬ 
ing  the  carbon  block  at  the  first  "pinch  point"  in  the  beam 
coming  out  of  the  anode  foil.  [The  first  and  second  pinch 
points  in  the  beam  were  easily  seen  using  the  thin  film 
dosimeter  (blue  cellophane).]  As  indicated  in  §IIIb  the  dis¬ 
tribution  of  current  density  across  the  anode  foil  consisted 


of  a  sharp  peak  at  the  center  of  the  foil  ( ^  1  kA)  with  wings 
spreading  out  to  a  radius  of  ^  2  cm.  The  mean  square  scatter¬ 
ing  angle  introduced  by  the  anode  foil‘d  was 

<0^  ^  0.17  radian^ 

and  for  electrons  emanating  from  the  center  of  the  anode 
foil  only  those  with 


0  <  0.2  radian 


passed  through  the  aperture  in  the  carbon  block.  However 
the  dimensions  of  the  aperture  allowed 

0  <  1  radian 

and  the  pinching  of  the  electron  beam  caused 


e 

max 


We  "  °-6 


radian 


where  =  J 2e8  i^/ymc/r  is  the  Betatron  frequency  and 
r  is  the  beam  radius.  Therefore  the  mean  square  scattering 
angle  for  the  electron  beam  emerging  from  the  aperture  in  the 
carbon  block  must  have  been  approximately  that  produced  by  the 
anode  foil,  and  the  beam  must  have  been  overpressure  by 


*  2, 


where  TQ  is  the  Bennett  temper ature^ ,  i.e.  that  necessary  for 
the  beam  to  have  been  in  pressure  equilibrium. 
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Assuming  it  expands  against  its  own  magnetic  field,  the 
beam  will  have  expanded  to  reach  pressure  equilibrium  at  radius 

a  *  1.25  cm 

while  travelling  an  axial  distance  of  approximately 

z  *  2  cm. 

In  the  following  analysis  we  assume  that  the  electron  beam 

17 

can  be  represented  by  a  Bennett  profile  , 


where  is  the  current  density  at  radius  r  and  a  is  the 

Bennett  radius.  Then  for 


z  >  2  cm 


and  for  the  beam  propagating  in  the  unperturbed  atmosphere 


u.  *  3  e 

B  0  Y 

T 

B 

where  is  the  rate  of  increase  of  transverse  kinetic  en- 

15 

ergy  per  electron  due  to  scattering  on  air  molecules.  Thus 
the  beam  was  a  pinched,  matched  beam  as  suggested  by  the  pho¬ 
tograph  shown  in  Fig.  7  and  expanded  according  to  the  Nordsieck 
1  7 

equation" 

d/ln  / a( t )\2  \  =  2 

dt\  \ a(o)/  /  Tb 
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Using  this  equation  we  calculate  the  beam  radius  at 


z  =  50  cm 
as 

a( 50 )  *  10  cm, 

though  the  Nordsieck  equation  is  only  marginally  applicable 
for  such  large  beam  radii.  Thus  the  diameter  of  the  elec¬ 
tron  beam  (full  width  at  half  maximum  intensity)  as  it  struck 
the  tungsten  grid  was  ^  13  cm  which  is  in  reasonable  agree¬ 
ment  with  the  x-ray  photograph  shown  in  Fig.  11a. 

With  the  Lexan  plate  in  place  (LP  in  Fig.  8)  at  z  =  10 
cm,  the  beam  radius  was  already  as  large  as  or  bigger  than 
the  hole  in  the  plate.  Therefore  if  the  beam  profile  had 
been  a  true  Bennett  profile  (at  z  =  10  cm),  +  50%  of  the 
beam  would  have  been  stopped  by  the  plate.  In  practice  ^  62% 
of  the  beam  passed  through  the  hole  in  the  Lexan  plate  and 
was  measured  on  the  second  Rogowski  coil.  When  this  reduced 
electron  beam  propagated  in  the  unperturbed  atmosphere,  it 
first  expanded  again  to  reach  a  new  Bennett  equilibrium,  then 


u 


3 


e 

__L 


T 


B 


but  again  using  the  Nordsieck  expansion 

a(50)  -  27  cm. 
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This  radius  is  rather  large  compared  to  that  seen  in  the  st¬ 
ray  photographs  in  Eigs.  9a  and  10a,  but  this  may  be  due  to 
the  non-Bennett  nature  of  the  current  distribution,  or  per¬ 
haps  to  a  secondary  pinching  effect  produced  by  the  Lexan 
plate.  Values  of  a(50)  are  collected  in  Table  3  for  easy 
comparison. 

In  considering  the  interaction  of  the  REB  with  the  at¬ 
mosphere  plus  the  hot  channel  the  first  question  to  ask  is 
whether  the  channel  produced  by  the  laser  guided  discharge 
caused  a  significant  change  in  the  conductivity  along  the 

path  of  the  electron  beam.  The  rate  of  production  of  plas- 

1 8 

ma  electrons  in  the  atmosphere  is  given  by 

n  (r)  -  4—  4(r)  -a  n  (r)  n*  -8  n*(r)  .  3 

e  Edz  e  e  o  e 

Here  E  is  *  33  eV  per  ion/electron  pair  and  dE/dz  is  the 

_i  7 

energy  loss  by  a  beam  electron  [dE/dz  *  7  x  10  *  nQ  eV/cm 
£ 

for  E  *  10  volts]  so  that  the  first  term  on  the  right  rep¬ 
resents  the  rate  of  production  of  secondary  electrons  by  beam 
electrons.  The  second  and  third  terms  represent  the  loss  of 
plasma  electrons  by  three  body  attachment  and  dissociative  re¬ 
combination  respectively  with 

a  *  6  x  10'32  cm^  sec-^ 

so  that  nQ  is  the  total  density  of  air  molecules  (oxygen  plus 
nitrogen),  and 

$  'f'  5  x  IQ"®  cm3  sec"’*’ 

which  assumes  a  plasma  electron  temperature,  kTg  *  0.5  eV. 


I 


t 

J 


j 

j 

i 

t 


I 


< 

I 


In  air  at  atmospheric  pressure  dissociative  recombination  is 
the  dominant  loss  mechanism  so  that 


ng(t,r)  =  ng(  °°,r ) 


1  -  exp  (-t/T^) 


1  +  exp  (-t/tr) 


where 


and 


1  .  dE 


Jh(r) 


T  = 

r 


/ 

Le  e 

dz 

e 

J 

p 

"  6  . 

dE  . 

V->1 

*2 

Cm 

r 

dz 

e 

-1 


The  plasma  return  current  density  is  given  by 


4 


5 


6 


Jp(r)  «  o(r'Ez(r) 


where  E  (r)  is  the  axial  electric  field  at  radius  r  and  o(r) 
is  the  conductivity, 


0  ( r ) 


n  (r)  e" 


2mn_o_v. . 
o  c  th 


1 9  —1 5  2 

The  collision  cross-section  o  was  taken  as  *  10  cm 

c 

7 

and  the  mean  thermal  velocity  v  h  as  ^  5  x  10  cm/sec. 


Then  since  the  variation  of  E  (r)  with  r  is  negligible  for  r  * 

z 

a  and  R  »  a,  where  R  is  the  radius  of  the  screened  room  into 
which  the  beam  was  fired,  the  total  plasma  return  current  is 


I 


P 


E 

z 


o(r ) 


dr 
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Values  of  the  conductance  ]C  were  calculated  for  unperturbed  \ 

air  and  air  with  the  hot  channel  at  ~  *  100  usee  using  t  ^  j 

—  8  : 

10  sec  to  represent  the  mid-point  of  the  current  pulse. 

These  values  are  shown  in  Table  4.  To  simplify  the  calcula-  • 

tions  the  current  pulse  was  assumed  to  be  rectangular.  From 
Table  4  it  is  clear  that  the  conductance  E  is  a  strong  func¬ 
tion  of  the  beam  radius  (a)  and  for  a  >  2  cm  the  beam  in¬ 
duced  conductivity  was  so  small  that  Zj  was  dominated  by  the 
residual  electron  density  in  the  hot  channel, 


(t  «/>  lOOusec)  ^  10 


14  cm"3, 


In  these  calculations  ohmic  heating  and  electric  field 
induced  conductivity  have  been  ignored  because  although 


rose  above  30kV/cm  for  r  <  2cmr  ;.his  field  was  rapidly  min¬ 
imized  by  the  establishment  of  onarge  neutrality  (in  times  < 
-9 

10  sec),  and  inductive  fields  were  always  below  break¬ 
down  values. 


Clearly  the  residual  electror  density  in  the  hot  channel 
at  t  =  100  us  provided  significant  conductivity  compared  to 
the  beam  induced  conductivity.  V'tor'.asj  with  much  lower  re¬ 
sidual  electron  density  in  the  channel  -..e.  for  t  =  500  ms  the 
conductance  Z)  was  the  same  as  for  propagation  in  the  unperturb- 
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ed  atmosphere.  Since  there  was  no  plasma  return  current  when 
the  REB  propagated  in  the  unperturbed  atmosphere  (§IIIb)  the 
net  injected  current  for  the  REB  propagating  in  the  channel 
with  t  =  500  ms  should  have  been  the  same  as  that  for  propa¬ 
gation  in  the  unperturbed  atmosphere  and  in  both  cases 

~  Xb  * 

As  seen  in  Table  2,  this  was  the  case. 

When  the  generator,  acting  as  a  current  source,,  injects  the 

electron  beam  into  the  atmosphere  with  a  conducting  channel, 

i.e.  t  =  100  ms,  the  equivalent  circuit  consists  of  a  beam 

inductance  L  in  parallel  with  the  channel  is.;i stance  R  and 

channel  inductance  L  which  are  ir:  series.  Then  the  current 

c 

source  injects  the  beam  current  Ib,  the  net  current  IN  flows 
in  the  beam  inductance,  and  the  plasma  current  I  flows 

\r 

through  the  channel.  Since  the  beam  current  can  be  reason¬ 
ably  represented  by 


I,  “  I  sin  <*>t 
b  o 

for  o  <  “t  <  7r,  where  I  ^  2.4x10®  amp  and  «  *  0.8x10®  sec 
the  net  current  1^  is  given  by 


I 


N 


ut 


a  cos  wt  +  a 


where  a  =  UI/R  provided  R  >>  «>LC.  Then  to  reproduce  the  peak 
net  current  of  2.1x10®  amp,  a  1/1  0.6  and  for  L  ^  340  nH,  R  1/1 
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45  A,  which  is  in  good  agreement  with  the  conductance  calcu¬ 
lated  for  the  channel  (Table  4).  At  the  same  time  the  peak 
of  the  net  current  should  be  delayed  by  ^  11  ns  from  the  peak 
of  the  beam  current  but  no  measurement  of  this  delay  was  made. 
From  the  same  model  the  peak  plasma  return  current  is  *  1  kA 
and  should  occur  at  *  11  ns  into  the  current  pulse. 

In  the  channel  at  t  =  500  ys 

nQ  ( t  =  500  us)  =  1/4  nQ  (unperturbed) 

therefore  (t  =  500  vs)  =  1/4  (unperturbed) 

and  from  the  Nordsieck  equation  for  the  case  without  the 
Lexan  plate 

a{50)  ^  2cm 

which  is  in  good  agreement  with  the  x-ray  photograph  shown  in 
Fig.  lid.  With  the  Lexan  plate  in  position  the  beam  expanded 
more  (Table  3)  but  since  the  REB  was  then  wider  than  the  chan¬ 
nel,  the  x-ray  photogv,aph  of  the  tungsten  grid  should  perhaps 
have  a  bright  center,  with  the  same  diameter  as  the  channel 
i.e.  *  ?em  and  a  weaker  image  around  it.  This  is  in  reason¬ 
able  agreement  with  the  photograph  shown  in  Fig.  lOd. 

When  the  REB  was  injected  into  the  hot  channel  at  t  = 
luO  us 

nQ  ( t  =  100  us)  ^  l/?0  nQ  (unperturbed) 
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therefore  if  the  REB  had  propagated  in  this  channel  even  with 
the  reduced  net  current 

a(50)  *  1.6  cm 

without  the  Lexan  plate  and  this  is  clearly  not  substantiated 
by  the  results  shown  in  Fig.  11.  After  emerging  from  the  ap¬ 
erture  in  the  carbon  block  the  REB  expander  in  this  case  to 

a  ^  1.5  cm 

at  z  +  3  cm 

Since  the  channel  radius  was  ^  1  cm  only  a  fraction  of  the 
beam  was  actually  within  the  channel,  ^  0.75  kA  for  a  Bennett 
profile.  Tnerefore  with  the  plasma  return  current  of  ^  1  kA 
in  the  channel  the  magnetic  pressure  in  the  channel  was  a  net 
outward  pressure,  causing  the  REB  to  become  hollow.  Even 
without  much  hollowing  the  beam  was  essentially  propagating 
outside  the  channel  in  the  normal  density  air  and  the  radius 
of  the  beam  when  it  struck  the  tungsten  grid  was  much  larger 
(Table  3).  These  values  of  a(50)  are  more  compatible  with 
the  results  shown  in  Figs.  9,  10,  and  11,  i.e.  no  measurable 
intensity.  However,  in  those  experiments  where  the  Lexan 
plate  was  used  to  monitor  the  radial  position  of  the  REB  at 
z  *  10  cm,  it  was  found  that  in  ^  50%  of  the  shots  into  a 
channel  ac  t  =  100  vs  the  REB  struck  the  Lexan  plate  and  only 
*  30%  of  the  injected  current  was  measured  on  the  second  Ro- 
gowski  coil  <§IV).  The  result  of  such  behavior  can  be  seen 


clearly  in  Fig.  9b  on  the  left.  The  REB  appears  to  have 
split  into  two  components  which  have  been  displaced  to  oppo¬ 
site  sides  of  the  channel  probably  at  different  times  in  the 
life  of  the  beam.  Such  behavior  is  compatible  with  a  "self- 
hose"-like  instability  where  the  plasma  return  current  was 
fixed  in  the  conducting  channel  and  the  channel  radius  was 
not  significantly  larger  than  the  beam  radius.  Simple  mod¬ 
els  using  either  a  centrally  peaked  or  a  uniform  plasma  re¬ 
turn  current  indicate  that  for  initial  misalignments  of  >  0.3 
cm  between  the  axes  of  the  conducting  channel  and  the  beam, 
or  equivalent  asymmetry  in  the  beam,  the  beam  will  be  ejected 
from  the  channel  within  ^  10  cm  of  travel. 
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VI.  CONCLUSIONS 


7 

We  have  shown  that  a  hot,  reduced-density  channel  through 
a  gaseous  atmosphere  which  is  produced  by  a  laser  guided  dis- 
charge  can  be  established  in  front  of  an  electron  beam  gener¬ 
ator  in  such  a  way  that  the  beam  is  injected  into  the  channel. 
The  effect  of  the  channel  on  the  injected  REB  depends  on  the 
residual  conductivity  of  the  channel  and  the  relative  size  of 

the  channel  compared  to  the  beam.  For  the  case  where  the  chan- 

14  -2 

nel  was  conducting  (n  ^  10  cm  ,  o  */>  0.2mho/cm)  and  narrow 
i.e.  t  ^  100  ns,  the  return  current  established  in  the  channel 
was  within  the  beam  current  distribution  and  produced  an  anti¬ 
pinching  force  near  the  beam  axis.  Small  initial  misalign¬ 
ments  between  the  REB  and  the  channel,  or  asymmetries  in  the 
beam  grew  rapidly,  causing  the  beam  to  leave  the  channel  in  a 
distance  of  *  10  cm,  so  that  the  propagation  of  the  REB  in  the 
presence  of  the  narrow,  conducting  channel  was  much  worse  than 
in  the  unperturbed  atmosphere. 

At  the  later  time  in  the  life  of  the  channel  (x  </*  500  u£  ) , 
the  channel  was  larger  (radius  *  1.5  cm)  and  had  no  appreciable 
residual  conductivity.  Thus  when  the  REB  was  injected  into 
this  channel  the  plasma  return  current  was  the  same  as  with  no 
channel.  The  only  effect  observable  was  the  reduced  gas  scat¬ 
tering  caused  by  the  reduce!  density  of  the  air  in  the  hot 
channel  (Table  2)  which  caused  the  brighter,  smaller  x-ray 
emission  area  on  the  tungsten  grid  target. 
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If  now  a  second  "focussing"  current  pulse  can  be  estab¬ 
lished  in  the  channel  just  prior  to  injection  of  the  electron 
beam  and  without  incurring  gross  channel  instability,  this 
technique  will  be  directly  applicable  to  pellet  fusion  schemes 
using  either  electron  beams  or  light  ion  beams. 
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Table  1  -  Expansion  and  Cooling  of  Laser  Designated, 
Electric  Discharge  Heated  Channels  in  the 
Atmosphere. 


Time 

Radius 

Density 

Temp. 

35-100 

1.1 

6 . 4xl0~5 

5000 

300 

1.3 

1.38xl0"4 

2800 

550 

1.5 

3.2xl0-4 

1200 

1000 

1.8 

6.5  10"4 

600 

00 

— 

1.29xl0-3 

300 

X10_6sec. 

cm 

gm/cm3 

K 

Time  is  measured  from  the  initiation  of  the  heating  cur¬ 
rent  pulse. 
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Table  2.  Values  of  Injected  Current 


Exper iment 

JN 

REB  in  unperturbed 

atmosphere 

to 

• 

± 

.05 

REB  in  channel  t  = 

100  usee 

2.1 

+ 

.09 

REB  in  channel  t  = 

500  usee 

to 

• 

± 

.05 

I  is  the  average  net  injected  current  in  kiloamperes  mea¬ 
sured  on  the  Rogowski  coil  RC  1  at  the  peak  of  the  current 
pulse . 
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Table  3.  Calculated  Electron  Beam  Radii 


a(z)  at  z  =  50  cm 


Experiment 

without 

with 

Lexan  plate 

Lexan  plate 

REB  in  unperturbed 

10 

27 

atmosphere 

REB  in  channel 

* 

1.6 

ic  k 

(t  =  100  usee) 

16** 

44 

*** 

*** 

REB  in  channel 

2 

3.5 

(t  =  500  usee) 

cm 

cm 

assuming  that  the  beam  propagated  within  the  channel. 

'fi  ^ 

assuming  that  beam  was  hollow  and  propagated  along  outside 
of  the  channel. 

"fc  k  k 

ignoring  the  fact  that  the  channel  radius  was  only  </*  1.5  cm. 
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Table  4.  Values  of  the  Conductance  of  the  Unper¬ 
turbed  Atmosphere  and  the  Atmosphere 
with  the  Hot  Channel 


a  =  1 


REB  in  unperturbed 

8.9x7 011 

atmosphere 

REB  in  channel 

19 

1.4x10' 

( t  =  100  nsec) 

Values  of  the  conductance 


CO 

• 

t — l 

5 

10  cm 

2.4X1011 

3.4xl010 

8.2x10 

8 . xlO11 

7.1011 

6.1011 

E  , 


o(r)  dr 


—  8 

calculated  at  time  t  =  10  sec  assuming  a  rectangular  current 
pulse,  with  a  Bennett  profile  where  a  is  the  radius  of  the  cur¬ 
rent  density  profile, 
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Fig.  3  -  Open  shutter  and  Schlieren  photographs  of  laser  designated, 
electric  discharge  heated  channels  in  the  atmosphere,  a)  Schlieren 
of  laser  alone,  b)  Open  shutter  of  laser  guided  discharge,  c)  Schlieren 
of  laser  guided  discharge.  Both  a)  and  c)  were  taken  31  us  after 
the  Nd : glass  laser  was  fired,  and  in  b)  and  c)  the  electric  discharge 
was  initiated  ^  30  Us  after  the  Nd:  glass  laser. 
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|  Fig.  h  -  Current  and  voltage  traces  for  a  50  cm  lon| 
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cathode,  A  is  the  titanium  anode  foil,  C  is  tne  carbon  block.  The  net  beam  current  at  injection 
was  Iv.  «/*  2.2  kA. 


osc 


Fig.  8  -  A  schematic  view  of  the  experiment  showing  the  diagnostic 
systems  employed.  K  -  Cathode;  A  -  Titanium  anode  foil;  C  -  Carbon 
block;  BL  -  B  -  dot  loop;  RC  1  -  first  Rogovski  coil;  FA  -  Foil  as¬ 
sembly;  LP  -  Lexan  sheet;  RC  2  -  second  Rogowski  coil;  TG  -  Tungsten 
wire  grid;  XPC  1  and  XPC  2  -  x-ray  pinhole  cameras;  OSC  -  Open  shut¬ 
ter  camera.  Note  that  the  whole  beam  propagation  area  was  enclosed 
in  a  copper  screened  room  to  reduce  electromagnetic  pulse  radiation. 
The  screened  room  was  approximately  3m  x  3m  x  5m. 
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Fig.  9  -  Typical  results  from  x-ray  pinhole  camera  photography,  XPC  2 
on  the  left  and  XPC  1  on  the  right,  a)  The  intense  REE  injected  into 
the  unperturbed  atmosphere,  b)  and  c)  The  REB  injected  into  a  hot, 
reduced  density  channel  at  t  =  100  Msec,  All  photographs  were  taken 
with  the  same  camera  settings,  and  the  frame  size  shown  for  XPC  1 
represents  a  vertical  dimension  of  33  cm  at  the  tungsten  grid. 
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Fig.  10  «  Results  from  x-ray  pinhole  camera  photography,  XPC  2  on 
the  left  and  XPC  1  on  the  right,  a)  The  REB  injected  into  the  un¬ 
perturbed  atmosphere,  b)  The  REB  injected  into  a  hot,  reduced- 
density  channel  at  t  =  100  Usee.  c)  The  REB  injected  into  a  hot, 
reduced-density  channel  at  x  =  500  usee.  All  photographs  were  taken 
with  the  same  camera  settings,  and  the  frame  size  shown  for  XPC  1 
represents  a  vertical  dimension  of  33  cm  at  the  tungsten  grid. 
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Fig.  11  -  X-ray  pinhole  camera  photographs  of  the  Tungsten  target, 
a)  The  REB  injected  into  the  unperturbed  atmosphere,  b)  and  c)  The 
REB  injected  into  a  hot,  reduced-density  channel  at  t  =  100  Msec, 
d)  The  REB  injected  into  a  hot,  reduced-density  channel  at  t  =  500 
usee.  Photographs  a)  and  b)  were  taken  at  the  same  camera  setting 
as  those  in  Fig.  9,  photographs  c)  and  d)  were  taken  at  the  same 
settings  as  those  in  Fig.  10,  but  for  these  photographs  the  Lexan 
plate  (LP  in  Fig.  8)  was  removed.  The  frame  size  shown  represents 
a  vertical  dimension  of  33  cm  at  the  tungsten  grid. 


Fig.  12  -  A  schematic  view  of  the  experiment  to  inject  the  RED 
into  a  preformed  channel. 


K  -  Cathode 

A  -  Titanium  foil  anode 
C  -  Carbon  block 
RC  1  -  Rogowski  coil  1 

FA  -  Foil  assembly 
TG  -  Tungsten  grid 

The  distance  from  the  Tungsten  grid  to  the  carbon  block  was  50  cm. 
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